The cleavage specificity of the Pvu II and BamHI restriction endonucleases is found to be dramatically reduced at elevated osmotic pressure. Relaxation in specificity of these otherwise highly accurate and specific enzymes, previously termed "star activity," is uniquely correlated with osmotic pressure between 0 and 100 atmospheres. No other colligative solvent property exhibits a uniform correlation with star activity for all of the compounds tested. Application of hydrostatic pressure counteracts the effects of osmotic pressure and restores the natural selectivity of the enzymes for their canonical recognition sequences. These results indicate that water solvation plays an important role in the sitespecific recognition of DNA by many restriction enzymes. Osmotic pressure did not induce an analogous effect on the specificity of the EcoRV endonuclease, implying that selective hydration effects do not participate in DNA recognition in this system. Hydrostatic pressure was found to have little effect on the star activity induced by changes in ionic strength, pH, or divalent cation, suggesting that distinct mechanisms may exist for these observed alterations in specificity. Recent evidence has indicated that BamHI and EcoRI share similar structural motifs, while Pvu II and EcoRV belong to a different structural family. Evidently, the use of hydration water to assist in site-specific recognition is a motif neither limited to nor defined by structural families.
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Type II restriction endonucleases, along with their companion methyltransferases, make up bacterial restriction/modification systems, which protect bacteria from foreign DNA. They typically consist of symmetric homodimers, which recognize symmetric DNA sequences of four to eight bases, and require only Mg2+ as a cofactor to cleave duplex DNA (1) . Despite the vast number of type II enzymes identified to date (nearly 2400) no homology and little sequence similarity exist (2) . Despite this lack of homology, recent reports have identified significant structural similarities among these enzymes (3) , and a new classification of restriction enzymes has been proposed on the basis of the location of the scissile bond (4) . Recent structural evidence has led to appreciation of structural and functional roles for water in site-specific interactions in protein-DNA complexes (5) (6) (7) (8) .
The use of osmotic pressure represents a powerful method for identifying and studying the participation of hydration water in biomolecular systems (9) . By examining the correlation between functional or structural properties and osmotic pressure, solvent water has been shown to play key roles in biochemical processes, such as substrate binding (10) , proteinprotein interactions (11) , allosteric effects and conformational changes (12) , catalysis (13) , protein stability (14) , and ion channel formation (15) . We have previously utilized osmotic-
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and hydrostatic-pressure techniques to study the role of water in mediating site-specific interactions of the EcoRI endonuclease with canonical and alternate DNA sequences (16, 18) .
To investigate whether this nontraditional role for water that was discovered in EcoRI represents a common feature of restriction enzyme systems, we have examined the Pvu II, BamHI, and EcoRV endonucleases. Along with EcoRI, they are the only members of the type II restriction endonuclease family to be characterized by high-resolution structural analysis (4, (19) (20) (21) (22) (23) . For these three enzymes, cleavage at alternate sites has been observed previously, either by addition of organic solvents to the reaction buffer or by changes in ionic strength, pH, or divalent cation concentration or identity (24) (25) (26) (27) (28) . Cleavage at alternate sites by these and other restriction enzymes has been termed "star activity" by analogy with EcoRI star (EcoRI*) activity (29) .
Each subunit of the Pvu II endonuclease from Proteus vulgaris has 157 amino acids, and the homodimer recognizes symmetric CAGCTG duplex DNA sequences, cleaving both strands in the middle of the site to leave blunt ends (30) . Pvu II* sites include all single base substitutions at the four internal positions (CNGCTG, CANCTG, CAGNTG, and CAGCNG), as well as A or G at the first position and T or C at the sixth position (24) . The dimeric BamHI endonuclease from Bacillus amyloliquefaciens H consists of identical 213-amino acid residue subunits, and cleaves GGATCC duplex DNA sequences between the two guanine bases on both strands, leaving four-base 5' overhangs (31) . Reported BamHI* sites include GGAACC, GGCTCC, GAATCC, GGATCN, and complementary sequences. The EcoRV endonuclease derives from the restriction/modification system in Escherichia coli. EcoRV is a dimer of identical subunits of 244 amino acids. It recognizes the symmetric GATATC duplex DNA sequences and cleaves both strands in the middle of the site, leaving blunt ends (32) . EcoRV has been reported to cut at alternate sites with single base changes from the canonical site, including GT-TATC, AATATC, GANATC, and complementary sequences (33, 34) .
In this study we test whether the participation of water is a general phenomenon in restriction enzyme-DNA interactions, thereby seeking to advance a general understanding of themes in protein-DNA recognition and to provide molecular explanations for the flawed molecular recognition events that are manifested as restriction enzyme star activity. The standard buffers which allowed canonical site cleavages were: Pvu II, 50 mM Tris HCl, pH 7.4/6 mM MgCl2/50 mM KCl/50 mM NaCl; BamHI, 50 mM Tris HCl, pH 8.0/2 mM 2-mercaptoethanol/10 mM MgCl2/100 mM NaCl; EcoRV, 50 mM Tris HCl, pH 7.5/100 mM NaCl/10 mM MgCl2/10 mM 2-mercaptoethanol/100 ,tg of bovine serum albumin per ml.
MATERIALS AND METHODS
Glycerol, ethylene glycol, dimethyl sulfoxide (DMSO), ethanol, 2-propanol, sucrose, and dextrose were added to the standard buffers to final concentrations of 0-6 M to induce osmotic pressures from 0 to 150 atmospheres (atm; 1 atm = 101.3 kPa).
Reactions at elevated hydrostatic pressures ranging from 1 to 1600 atm were performed as described (16) in 400-,lI polypropylene tubes (Cole-Palmer) filled with 0.2 g of zirconium oxide beads (Biospec Products, Bartlesville, OK). Solutions of enzyme and DNA were separated by a thin layer of mineral oil (Sigma) until the samples reached the desired pressure and temperature, at which time the apparatus was inverted to mix the solutions. Following a 4-h incubation at 37°C, the enzymes were inactivated by heating to 65°C and EDTA was added to 20 mM.
The determinations of canonical site activity as a function of hydrostatic pressure were performed by using the standard buffer for each enzyme. For the analysis of hydrostatic pressure effects upon star activity induced by osmotic pressure in Pvu II and BamHI, glycerol was added to the standard buffer in concentrations from 0 to 4.8 M to induce osmotic pressures from 0 to 120 atm. The analysis of hydrostatic pressure effects upon star activity induced by changes in ionic strength, pH, or divalent cation concentration or identity was performed in the following buffers, with closed, circular pUC18 DNA as the substrate: Pvu II, 10 mM Tris-HCl, pH 8.5/15 mM MgCl2; BamHI, 20 mM Tris HCl, pH 8.8/2 mM MnCl2; EcoRV, 50 mM Tris-HCl, pH 8.5/10 mM MnCl2/10 mM 2-mercaptoethanol/100 ,tg of bovine serum albumin per ml.
Analysis of the reaction products was as described (16, 17) . The fraction of star activity was defined for each reaction as 0.
Osmotic pressure, atm the intensity of the bands produced by cleavage at star sites divided by the intensity of all bands (canonical site fragments plus star site fragments). A fraction star activity of 0.5 means that half of the plasmids cut at the canonical sites were also cut at a star site. In all cases in which fraction star activities were determined, restriction mapping confirmed that cleavage reactions proceeded to completion at the canonical sites before any star sites were cut. Osmotic pressures were determined as described previously (16) by using a UIC 70 vapor-phase osmometer or by calculation from tabulated data (35) . Viscosities and dielectric constants were taken from tabulated data (35, 36) .
RESULTS
The pUC18 plasmid contains two canonical Pvu (Fig. 1B) but not well correlated with dielectric constant (Fig.  2C ) or relative viscosity (Fig. 2D) .
No canonical EcoRV sites exist within pUC18, but the plasmid contains seven EcoRV* sites. Cleavage at these sites was not promoted by any of the compounds tested except DMSO, regardless of whether circular or linear pUC18 was used as the substrate. None of the compounds tested appeared to inhibit EcoRV canonical site activity, as judged by analysis of EcoRV cleavage of A DNA (data not shown).
We sought to apply hydrostatic pressure as a probe of restriction enzyme specificity. First, the effect of elevated hydrostatic pressure upon the activity of the three enzymes at their canonical sites was tested under standard buffer conditions (Table 1) . Pvu II and BamHI were unaffected by increasing the pressure from 0 to 750 atm, showed only small effects at 1000 atm, and still retained most of their activity above 1500 atm. EcoRV was more sensitive to hydrostatic pressure, but retained most of its activity up to 1000 atm.
When hydrostatic pressure is applied to reactions with elevated osmotic pressure, a dramatic reversal of the osmotic pressure effects upon specificity is observed for Pvu II and BamHI (Fig. 3) . atm inhibits and ultimately eliminates the Pvu II* and BamHI* activities induced by osmotic pressure from 0 to 100 atm.
Intriguingly, alterations in enzyme specificity induced by other changes in buffer conditions are not sensitive to hydrostatic pressure. When star activity is induced by decreased ionic strength, increased pH, or changes in divalent cation concentration or identity, hydrostatic pressure up to 500 atm inhibits only a small amount (<15%) of the Pvu II* and BamHI* activities. Above 500 atm no further inhibition is observed up to 1400 atm. For EcoRV, hydrostatic pressures up to 1200 atm did not measurably inhibit the star activity induced by increased pH (from 7.5 to 8.5), decreased ionic strength (eliminating 100 mM NaCl), or substitution of Mn2+ for Mg2+.
DISCUSSION
In the cases of BamHI and Pvu II we observe a change in specificity upon the addition of osmolyte, resulting in cleavage at alternate, noncanonical sites. The extent of this cleavage is tightly correlated with osmotic pressure generated by the addition of neutral solutes or cosolvents. All compounds that were effective at promoting cleavage at star sites induced a fraction star activity uniformly proportional to the osmotic pressure (Fig. 1 ). The addition of these compounds to the reaction buffer changes other colligative solution properties, such as viscosity and dielectric constant, which have been shown to play a role in biomolecular interactions (37, 38) . An interpretation of the results as being related to osmotic effects requires an analysis of these other properties. Viscosity and dielectric constant are poorly correlated with the observed fraction star activity over the concentration range tested (Fig.  2) . The variety of neutral solutes and cosolvents tested effectively rules out a specific interaction between the compounds (Fig. 3) . One possibility is that the effects of hydrostatic pressures to 500 atm are due to a general inhibition of the enzyme; however, overall activity of Pvu II and BamHI at the canonical site was unchanged between 0 and 750 atm (Table 1 ). Our interpretation is that the return of selectivity promoted by hydrostatic pressure is due to specific solvation effects which alter the total volume of the system. Hydrostatic pressure has been shown in many cases to preferentially hydrate biomacromolecules and complexes (40, 41) . A simple explanation for our results is that waters of solvation, released by elevated osmotic pressure, are restored by hydrostatic pressure, perhaps due to the participation of discrete waters in site discrimination by Pvu II and BamHI. The inhibition of the overall enzymatic activity at the canonical sites observed at hydrostatic pressures in excess of 1500 atm is more likely to represent dissociation of the protein-DNA or dimeric proteinprotein complexes (or both), as has been observed previously (40, 42, 43 We can speculate that for Pvu II and BamHI, elevated osmotic pressures result in conformational changes accompanied by release of bound waters, which are reversed by hydrostatic pressure. For the other class of changes which induced star activity, the small change in Pvu II and BamHI star activity observed with pressure could indicate that a limited conformation change is induced by the ionic/pH/ cation changes (and reversible by hydrostatic pressure) but that most of the effects are electrostatic.
In addition to identifying a role for bound water in recognition by Pvu II and BamHI, the results presented here argue that fundamental differences exist in the mechanisms of site discrimination among type II restriction enzymes. EcoRI has previously been shown to display the same behavior as Pvu II and BamHI (16, 17) . For all three enzymes, increases in star activity accompany increases in osmotic pressure, while hydrostatic pressure restores specificity. In contrast, EcoRV* activity was not induced by a simple application of osmotic pressure. We conclude that a differential solvation is linked to the recognition of DNA by EcoRI, BamHI, and Pvu II, but not EcoRV. Furthermore, the response of EcoRV to hydrostatic pressures is also different from the other three restriction enzymes. For Pvu II and BamHI, hydrostatic pressure not only reverses the effects of osmotic pressure on specificity, it also has a small but measurable impact on star activity induced by changes in ionic strength, pH, or divalent cation. This observation is also true for EcoRI (16, 18) . By contrast, in the EcoRV system, hydrostatic pressure has no observable effect upon ionic strength-, pH-, or cation-induced star activity, supporting the hypothesis that fundamental differences exist between the mechanisms of molecular recognition in these restriction enzyme-DNA complexes.
EcoRV differs substantially from other type II restriction enzymes in that in the absence of the "catalytic cofactor" Mg2+, it binds with equal affinity to cognate and noncognate DNA. Binding specificity (and cleavage) is (21) . Since an increase in buried surface area is often accompanied by release of bound water (10-12, 39, 46) , elevated osmotic pressures could serve to enhance the affinity of this complex. Pvu II, BamHI, and EcoRI bind with low affinity to noncognate DNA (2) and make specific contacts primarily in the major groove. For these enzymes, recognition might be facilitated by formation of a relatively "loose" complex (47, 48) or one in which conformational heterogeneity is required for optimal binding (49 (20) . The structure of BamHI is most similar to EcoRI in the dimerization domain (22 54 ). In the EcoRV-cognate DNA complex, unstacking of the central 2 bp results in a sharp bend of the helix and a narrowing of the major groove, while the minor groove is widened. This distortion of the B-form helix axis, coupled with binding by EcoRV in the minor groove, may displace the minor groove hydration waters (55) . Osmotic pressure would then serve to facilitate site-specific binding. In contrast, Pvu II and EcoRI do not distort the DNA helix axis and may therefore preserve hydration of the minor groove. Release of these waters could alter the preferred conformation of cognate and noncognate DNA, altering enzyme specificity.
It has been proposed that the effect of cosolvents to enhance cleavage at noncanonical sites simply results from increased affinity of the enzymes for DNA at all positions due to global dehydration or excluded volume effects (56) 
